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Nucleoid Proteins Stimulate Stringently Controlled
Bacterial Promoters: A Link between the cAMP-CRP
and the (p)ppGpp Regulons in Escherichia coli
studies have shown that StpA is able to work as a molec-
ular backup for H-NS, thereby affecting the expression
of some genes (SondeÂ n and Uhlin, 1996; Zhang et al.,
1996). A model explaining the repressing mechanism
has been proposed. The model involves the binding of
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and the StpA protein have been shown to constrain
National Institute of Health negative supercoils in vitro (Tupper et al., 1994; Zhang
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which H-NS and StpA stimulate gene expression is hith-
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In this study, we show that the reduced growth rateSummary
of an hns, stpA mutant strain could be restored by a
suppressor mutation in the gene encoding SpoT, whichWe report that the H-NS nucleoid protein plays a posi-
rendered the cell a ppGpp0 phenotype. The guaninetive role in the expression of stringently regulated
nucleotide derivatives (p)ppGpp are central regulatorygenes in Escherichia coli. Bacteria lacking both H-NS
components in the stringent response provoked, e.g.,
and the paralog StpA show reduced growth rate. Colo- during nutritional stress (Cashel et al., 1996). The lack
nies displaying an increased growth rate were isolated, of ppGpp in an hns, stpA strain restored the expression
and mapping of a suppressor mutation revealed a base from the P2crp promoter, which we also observed to
pair substitution in the spoT gene. The spoT(A404E) be stringently regulated. This effect was observed with
mutant showed low ppGpp synthesizing ability. The stringent control in general, as evidenced by the fact that
crp gene, which encodes the global regulator CRP, the ratio of stable RNA/protein was greatly increased in
was subject to negative stringent regulation. The sta- a suppressor strain as compared with its parental strain.
ble RNA/protein ratio in an hns, stpA strain was de- This evidence provides a direct link between the catabo-
creased, whereas it was restored in the suppressor lite repression system and the stringent response. Our
strain. Our findings provide evidence of a direct link findings suggest that the nucleoid proteins H-NS and
StpA can stimulate specific gene expression directly atbetween the cAMP-CRP modulon and the stringent
the transcriptional level.response.
Results
Introduction
Reduced Expression of CRP in an hns, stpA
In all cells the genetic information stored in DNA is orga- Double Mutant E. coli Strain
nized in folded and compacted complexes with proteins. Previously, we showed that growth rate was reduced in
The chromosomes in the eukaryotic nucleus are folded hns and especially in hns, stpA mutant E. coli strains,
with the nucleosome and its histone proteins as the and we also found that overexpression of CRP could
basic unit (reviewed by Kornberg and Lorch, 1999). The restore some of the reduced expression of the maltose-
nucleosome is described as the focal point of transcrip- regulon in an hns, stpA double mutant strain (SondeÂ n
tional control, and it may be involved in both gene activa- and Uhlin, 1996; Johansson et al., 1998). This finding
tion and repression. In bacteria there is no such nucleo- prompted us to monitor the growth rate of strains sup-
some, but the DNA is nevertheless organized in a plemented with extra copies of the crp gene, and we
nucleoid body with particular proteins in the cell (Petti- used a plasmid (pHA7) containing the crp gene under
john, 1996). A few proteins essential to the organization the control of a vector-based promoter. The plasmid
of the nucleoid (denoted histone-like or nucleoid-associ- was introduced into a wild-type (BSN26) and an hns,
ated proteins) have been identified (reviewed by Drlica stpA double mutant strain (BSN29). The results (Table
and Rouviere-Yaniv, 1987; Schmid, 1990; Pettijohn, 1) showed that overexpression of CRP could partially
1996). The nucleoid-associated protein H-NS has been compensate the reduced growth rate in strains lacking
shown both to influence gene expression and to cause H-NS and StpA. The level of cAMP appeared not to be
compaction of the Escherichia coli chromosome (Spas- altered between the different strains according to our
sky et al., 1984; GoÈ ransson et al., 1990; Tupper et al., measurements. The intracellular cAMP levels in the wild-
1994). In addition, there is an H-NS-like protein denoted type (BSN26) and the hns, stpA (BSN29) double mutant
StpA in E. coli (Zhang and Belfort, 1992), and recent strain were (mean 6 SE) 5906 6 1705 and 5645 6 1469
pmol cAMP/OD600, respectively.
The suppressive effect by CRP in an hns, stpA strain³ To whom correspondence should be addressed (e-mail: bernt.
prompted us to investigate if the level of CRP was alterederic.uhlin@micro.umu.se).
in strains lacking H-NS and/or StpA. We performed§ Present address: Department of Odontology, UmeaÊ University,
S-90187 UmeaÊ , Sweden. Western blot experiments to characterize the amount of
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Table 1. Effect of the hns, stpA Mutations and a crp1 Clone on Bacterial Growth Rate
Strain/Plasmid Relevant Characteristics Generation Time (min)a
BSN26/pBR322 hns1, stpA1/vector 22.3 6 1.5
BSN26/pHA7 hns1, stpA1/crp1 25.1 6 0.5
BSN29/pBR322 hns, stpA/vector 57.4 6 3.7
BSN29/pHA7 hns, stpA/crp1 46.7 6 1.4
JGJ301 Sgd derivative of BSN29 32.9 6 1.9
a The mean generation time (6SE) of each strain was monitored at 378C.
CRP in E. coli with different genotypes (see Experimental to find any differences in the crp promoter region of the
Sgd strain JGJ301 as compared with the parental hns,Procedures). The level of CRP was reduced in an hns,
stpA strain (BSN29) (data not shown). Therefore, westpA strain (BSN29) to about 35% of the level detected
mapped the mutation by an approach previously de-in the wild-type strain (BSN26) (Figures 1A and 1B),
scribed by Kleckner et al. (1991) by first transducing thewhereas it was reduced to about 50% and 70% of that
Sgd strain with a phage containing a miniTn10 transpo-of the wild type in the hns (BSN27) and the stpA (BSN28)
son. Bacteriophage P1 was grown on the pool of trans-strains, respectively. To determine if the effects exerted
ductants and used to infect the hns, stpA strain BSN29.by the H-NS and StpA proteins occurred at the transla-
Colonies displaying an increased colony size were fur-tional or the transcriptional level, we isolated total RNA
ther investigated (see Experimental Procedures for de-and performed Northern blot analyses with a probe com-
tails). We could thereby determine that the mutation wasplementary to the 59 end of the transcribed crp gene
positioned in the spoT gene, changing the alanine codon(see Experimental Procedures; Figures 1C and 1D). In
(GCA) at position 404 to a glutamic acid codon (GAA)accordance with the results obtained from Western blot
(Figure 2A). Both BSN29 and JGJ301, as well as theirexperiments described above, the largest difference in
parent MC4100, displayed two additional differencescrp mRNA level was detected between the wild-type
from the published nucleotide sequence of spoT inand the hns, stpA strain. This strongly suggests that the
MG1655 (Blattner et al., 1997). An insertion of CAGGATeffect of H-NS and StpA is exerted at the transcriptional
after codon 82 resulted in an extra glutamine and aspar-level. It has been shown that the crp gene is under
tic acid, and a change of codon 255 from CAC to TACnegative control by the Fis protein (Gonzalez-Gil et al.,
resulted in a tyrosine instead of a histidine. We con-1998). We therefore determined if the reduced level of
cluded that the Sgd suppressor phenotype was causedcrp observed was due to an increase in the level of fis
by the novel A404E substitution.gene expression. However, when performing Northern
The SpoT protein displays a dual activity, since itblot analysis, we found an almost complete absence of
is able both to synthesize and hydrolyze ppGpp andfis mRNA in strains lacking H-NS and StpA as compared
provides the cell with basal levels of ppGpp during expo-with the wild-type strain (Figure 1E). Furthermore, the
nential growth (Murray and Bremer, 1996). During certainresults also indicated that the H-NS and StpA proteins
conditions of environmental stress, the level of ppGppwere required for normal expression of the fis mRNA.
is increased due to the shut-off of SpoT-mediated hy-This is intriguing since Fis has previously been reported
drolysis (Heinemeyer and Richter, 1978; Lagosky andto function as an activator of hns expression (Falconi et
Chang, 1980). We therefore monitored the level ofal., 1993).
ppGpp in the Sgd strain JGJ301 and its ancestors. It
should be noted that the strains used here (derivativesIsolation of Suppressor Mutants with Restored CRP
of MC4100; see Table 3) have the relA1 allele, whichLevel from an hns, stpA Double Mutant abolishes most of the ppGpp-synthesizing ability of the
When plating an hns, stpA double mutant strain (BSN29) RelA protein (Metzger et al., 1989). Interestingly, we de-
from frozen stocks, a subset with larger colonies was tected only very low levels of ppGpp in the Sgd strain
found among colonies with the normal, small phenotype as compared with both the parental hns, stpA strain
(see Experimental Procedures). Isolates displaying a BSN29 and the wild-type strain BSN26 (Figure 2B).
larger colony phenotype will hereby be referred to as Strain BSN29 displayed a somewhat reduced level of
suppressed growth deficiency (Sgd). One such putative ppGpp as compared with the wild-type strain BSN26.
suppressor was chosen for further experiments and de- A reduced level of ppGpp in an hns strain was also
noted JGJ301. Interestingly, the growth rate was nearly noted by Yamashino et al. (1995). An in vivo method to
twice as fast in the Sgd strain as in the parental hns, functionally test the level of ppGpp in the strain is simply
stpA double mutant strain (Table 1). to streak it out on a minimal plate, and strains lacking
Since we knew that overexpression of CRP could re- ppGpp (termed ppGpp0) are not able to grow on such
store some of the growth reduction seen in an hns, stpA plates (Xiao et al., 1991). In agreement with that, strain
mutant strain, we performed Western blot experiments JGJ301 was unable to grow on minimal media (Figure
to determine the level of CRP in the Sgd strain. The level 2D). The parental strain, BSN29, however, was able to
of CRP protein was increased z5-fold in the Sgd strain grow on such media, although the growth was slow
as compared with the parental hns, stpA strain (Table 2). (Figure 2D). Both the thin-layer chromatogram analyses
and the minimal medium plate experiment indicated that
Identification of the Sgd Suppressor Mutation the level of ppGpp in the Sgd strain JGJ301 was very low.
as an Allele of the spoT Gene To determine the effect of a mutation causing a totally
In order to determine the genetic difference between disrupted function of the SpoT protein, we transduced
the suppressor strain and the parental strain, we first the hns, stpA strain BSN29 with P1 grown on strain
CF1693, which has a total deletion of the spoT genesequenced the crp promoter. However, we were unable
H-NS/StpA Stimulation of Stringent Promoters
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JGJ301 (Figures 2C and 2D). Taken together, our results
suggested that the reduction of ppGpp in strain JGJ301
was due to loss of function of the SpoT protein.
ppGpp Affects the Transcriptional Initiation
of P2crp
The finding that reduced levels of ppGpp led to an in-
creased level of CRP prompted us to examine if the crp
gene was under the negative control of ppGpp. There-
fore, we performed primer extension analyses on RNA
isolated from a wild-type (MG1655) and a relA (CF1652)
strain during induction of the stringent response. The
results (Figures 3A and 3B) showed that the transcription
of crp in the wild-type strain started from two promoters
(P1crp and P2crp), as previously reported by Gonzalez-
Gil et al. (1998). Thirty minutes after the onset of starva-
tion, the transcriptional initiation at the promoter P2crp
in a wild type was reduced to about two-thirds of the
expression prior to the starvation. In contrast, the ex-
pression from the P1crp was almost unaffected through-
out the duration of the experiment (Figures 3A and 3B).
In a relA strain, the expression from both the P1crp and
the P2crp promoters was essentially unaltered 30 min
after the onset of starvation (Figures 3A and 3B). Alto-
gether, these results demonstrate a detectable sensitiv-
ity of the promoter P2crp to ppGpp.
In order to investigate the transcriptional start points
in the Sgd suppressor strain displaying an increased
level of CRP, we performed primer extension analyses
(Figures 3C and 3D) on RNA prepared from the wild-type
(BSN26), the hns, stpA (BSN29), and the Sgd (JGJ301)
strains. In the Sgd strain, transcription initiated at P2crp
was comparable to the wild type, whereas the transcrip-
tion from both P1crp and P2crp was reduced in the
parental strain (BSN29). These results suggest that both
the P1crp and P2crp promoters displayed a reduced
ability to initiate transcription in strains lacking H-NS
and StpA but that the removal of ppGpp in such a strain
Figure 1. Effect of hns and stpA Mutations on the Expression of the restored some of the transcriptional initiation. The ob-
crp and fis Genes in E. coli served decrease in fis mRNA in an hns, stpA strain (Fig-
Determination of the CRP protein content by Western blotting and ure 1E) ruled out an indirect effect via Fis. Instead, the
Northern blot analysis of the crp and fis transcript in a wild-type low fis expression probably somewhat masked the ef-
(BSN26), hns (BSN27), stpA (BSN28) and in an hns, stpA strain fect seen at P2crp in the hns, stpA strain BSN29.
(BSN29). The cells were grown in LB medium at 378C; at 50 Klett
units the cells were harvested and then treated as described in
The Reduced Levels of Stable RNA in an hns, stpAExperimental Procedures.
Strain Can Be Restored by the Removal of ppGpp(A) Western blot analysis using a CRP antibody.
(B) Plot of the relative amount of the CRP protein obtained by divid- The finding that the expression of another promoter (i.e.,
ing by the value for the wild type (arbitrarily set to 1.0). the fis promoter) sensitive to ppGpp was diminished in
(C) Northern blot analysis of the crp transcript. an hns, stpA strain prompted us to investigate if this was
(D) Plot of the relative amount of the crp mRNA obtained by dividing a common phenomenon for most stringently regulated
by the value for the wild type (arbitrarily set to 1.0). promoters. It is well established that the expression of
(E) Northern blot analysis of the fis transcript.
stable RNA is stringently regulated (Cashel et al., 1996).
To determine if the level of stable RNA was affected in
the hns, stpA strain (BSN29) and the Sgd strain (JGJ301),(Xiao et al., 1991). The resulting strain, denoted JGJ320,
displayed the same growth phenotype on both a rich both stable RNA and total protein (as a control) were
analyzed. As summarized in Table 2, the stable RNA/TYS plate and on a minimal plate as the Sgd strain
Table 2. Effect of hns, stpA on the Level of CRP and Stable RNA/Protein Ratio
Strain Relative Level of CRPa mg RNA/OD600b mg Protein/OD600b Stable RNA/Protein Ratiob
wt (BSN26) 1.0 6 0.01 167 6 5 165 6 21 1.02 6 0.1
hns, stpA (BSN29) 0.37 6 0.08 120 6 8 183 6 21 0.66 6 0.03
Sgd (JGJ301) 1.94 6 0.90 170 6 7 158 6 3 1.07 6 0.03
a Relative level of CRP (6SE) was measured as described in Experimental Procedures.
b Stable RNA and the total content of protein were determined (6SE) as described in Experimental Procedures.
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Figure 2. Characterization of a Suppressor of
Growth Deficiency (Sgd)
(A) Sequence analysis of the spoT gene from
the Sgd isolate JGJ301. Proposed domains
of activity are shown as suggested by Gentry
and Cashel (1996). DNA sequence alignment
of five codons, showing the single base pair
difference (asterisks) between the spoT gene
of strain BSN29 and the Sgd isolate JGJ301.
The three letter amino acid code is displayed
above (BSN29) and under (JGJ301) the se-
quences.
(B) Thin-layer chromatogram displaying the
levels of ppGpp in the wild-type (BSN26), the
hns, stpA (BSN29) and in the Sgd strain
(JGJ301). The strains were labeled as de-
scribed in Experimental Procedures. Arrows
indicate the GTP and the ppGpp spots. Rela-
tive ppGpp levels are expressed as the ratio
of ppGpp/GTP and the ratio of the wild type
was set to 1.0. Standard errors are given
within parenthesis.
(C and D) Growth of the wild-type (BSN26),
the hns, stpA (BSN29), the Sgd (JGJ301), and
the hns, stpA, spoT strain (JGJ320) on a rich
TYS plate and a glucose-minimal plate con-
taining tryptophane.
protein ratio was decreased in the hns, stpA strain as RNA Polymerase Mutants with ªStringentº
Behavior In Vivo and In Vitrocompared with the wild-type strain. Intriguingly, the Sgd
strain displayed a stable RNA/protein ratio slightly The ppGpp0 phenotype and the resulting inability to
grow on minimal medium plates (Figure 2) of strainhigher than that of the wild-type strain. Altogether, these
results suggest that in strains lacking H-NS and StpA, JGJ301 allowed us to look for suppressor mutations
that could restore growth. Based on the findings bythe ppGpp-sensitive promoters display a reduced tran-
scriptional initiation ability resembling that of the strin- Zhou and Jin (1998), we hypothesized that mutations in
the RNA polymerase might give such a suppressor ef-gent response, even during growth at permissive (i.e.,
nonstringent) conditions. fect. rpoB mutants destabilizing initiation complexes at
Table 3. Strains, Plasmids, and Phages used in This Study
Relevant Characteristics Source/Reference
Strains
BSN26 MC4100, trp::Tn10 Johansson et al., 1998
BSN27 MC4100, trp::Tn10, Dhns Johansson et al., 1998
BSN28 MC4100, trp::Tn10, stpA::Kmr Johansson et al., 1998
BSN29 MC4100, trp::Tn10, Dhns, stpA::Kmr Johansson et al., 1998
JGJ301 Sgd derivative of BSN29 This study
JGJ310 JGJ301, mutM::miniTn10::Cmr This study
JGJ320 BSN29, spoT207::Cmr This study
MC4100 relA1 Casadaban, 1976
MG1655 Parental of CF1652 Guyer et al., 1981
CF1652 relA251::Kmr Xiao et al., 1991
CF1693 relA251::Kmr, spoT207::Cmr Xiao et al., 1991
CAG1574 recA56, carrier of pRLG862 Ross et al., 1990
Plasmids
pBR322 Cloning vector Bolivar et al., 1977
pHA5 crp1 gene on pBR322, native promoter Aiba et al., 1982
pHA7 crp1 gene on pBR322 Aiba et al., 1982
pUC18 Cloning vector Yanisch-Perron et al., 1985
pRLG862 288 to 11 of the rrnBP1 Ross et al., 1989
Phages
lNK1324 miniTn10::Cmr Kleckner et al., 1991
P1 Phage vehicle Laboratory stock
H-NS/StpA Stimulation of Stringent Promoters
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Figure 3. Effect of the Stringent Response on
crp Transcriptional Start Points
(A) Primer extension analysis of the crp tran-
scripts from a wild-type (MG1655) (lanes 1±3)
and a relA251::Kmr strain (CF1652) (lanes
4±6). Serine hydroxamate (0.4 mM) was
added to the cultures at T 5 0 in order to
induce starvation, and samples were re-
moved at indicated time points. Extraction of
RNA and primer extension was performed as
described in Experimental Procedures.
(B) Quantitative determination displaying the
relative amounts of the P2crp transcriptional
initiation from (A) and plotted as a function
of time. The relative amount of the P2crp tran-
scriptional initiation was obtained by dividing
by the value for the wild type at time zero
(arbitrarily set to 1.0).
(C) Primer extension analysis of the crp tran-
scripts from the wild type (BSN26), the hns,
stpA (BSN29), and the Sgd strain (JGJ301),
in lanes 1, 2, and 3, respectively. Extraction
of RNA and primer extension was performed
as described in Experimental Procedures.
(D) The relative amount of the P2crp and
P1crp transcriptional initiation from (C) was
obtained by dividing by the value for the wild
type (arbitrarily set to 1.0).
stringently controlled promoters behave as if they have a larger extent and thereby the different topoisomer distri-
butions were obtained (Figures 4A and 4B). Using DNAªstringentº RNA polymerase (Zhou and Jin, 1998). Such
rpoB mutants were identified among mutants selected with the different topoisomer distributions as templates,
we then performed in vitro transcription analysis to testfor resistance to the drug rifampicin. In order to test if
we could obtain putative ªstringentº RNA polymerase how alteration in the DNA topology might affect tran-
scription of the promoters by wild-type and ªstringentºmutants, we selected rifampicin-resistant colonies on
rich medium plates of the Sgd isolate JGJ301. Among RNA polymerases. Purified RNA polymerase from the
ªstringentº rpoB3449 mutant (Zhou and Jin, 1998) anda collection of 30 rifampicin-resistant isolates, we found
that a third of them also had acquired the ability to grow from wild type was tested. Preliminary experiments with
the P2crp promoter templates (plasmid pHA5) andon minimal medium plates. Our preliminary mapping
studies with six of the isolates (unpublished data) con- primer extension analysis of the transcripts indicated
that transcription with the ªstringentº RNA polymerasefirmed that they had alterations in the rpoB region pre-
viously shown to be altered in the ªstringentº RNA poly- was higher with the templates that had been subjected
to topoisomer treatment in the presence of the highermerase mutants (Zhou and Jin, 1998). The results
supported our conclusions about the ppGpp0 status of amounts of H-NS (data not shown). A more direct analy-
sis of transcripts could be done using plasmid pRLG862,the JGJ301 strain and prompted us to test the behavior
of ªstringentº RNA polymerase in vitro on promoter tem- which contains the well-established stringently con-
trolled rrnBP1 promoter. The plasmid-encoded RNAIplates that had been differentially affected with respect
to their topology by H-NS. transcript served as an internal standard. As shown in
Figures 4C and 4D (lanes 1±5), the topologically differentThe topology of plasmid DNA molecules containing
the crp locus or the rrnBP1 promoter region was af- templates gave quite similar results with the wild-type
RNA polymerase. On the other hand, in the case of thefected by H-NS as evidenced by an assay employing
topoisomerase treatment of the DNA. The topoisomer- ªstringentº RNA polymerase, there was a clear differ-
ence in expression from rrnBP1 when topologically dif-ase treatment causes relaxation of the supercoiled mol-
ecules, while H-NS can constrain supercoils without pre- ferent templates were used (Figures 4C and 4D, lanes
6±10). The most relaxed forms obtained from topoisom-venting the topoisomerase from gaining access to the
DNA (Tupper et al., 1994). With increasing amounts of erase treatment in the presence of low amounts of H-NS
gave the lowest level of transcription, and the templatesH-NS present, the supercoils were constrained to a
Cell
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Figure 4. The Effect of Altered DNA Topology
on In Vitro Transcription Analysis with ªStrin-
gentº RNA Polymerase
DNA samples of supercoiled plasmids car-
rying the crp locus ([A]; plasmid pHA5) or
the rrnBP1 promoter region ([B]; plasmid
pRLG862) were incubated in the presence of
the indicated amounts of H-NS protein and
then treated with calf thymus topoisomerase
to relax the unconstrained supercoils. After
deproteinization, the topoisomers were sepa-
rated by agarose gel electrophoresis. Su-
percoiled plasmid DNA (not treated with to-
poisomerase) was included as a reference
(lanes e and j). (C) In vitro transcription assays
using wild-type (wt) or the ªstringentº mutant
(rpoB3449) RNA polymerase on rrnBP1 DNA
exhibiting different supercoiling status. The
following plasmid pRLG862 DNA templates
were used: lanes 1 and 6, topoisomers ob-
tained in presence of no H-NS (cf. [B], lane
f); lanes 2 and 7, topoisomers obtained in
presence of 65 pmol H-NS (cf. [B], lane g);
lanes 3 and 8, topoisomers obtained in pres-
ence of 130 pmol H-NS (cf. [B], lane h); lanes
4 and 9, topoisomers obtained in presence
of 260 pmol H-NS (cf. [B], lane i); lanes 5 and
10, supercoiled plasmid DNA not treated with
topoisomerase or H-NS (cf. [B], lane j). The
in vitro transcription reactions were analyzed
by gel electrophoresis (see Experimental Pro-
cedures), and the position of the transcripts
initiating at the rrnBP1 promoter and the RNAI
promoter (used as an internal reference) are
indicated. The relative levels of expression
(the ratio rrnBP1/RNAI in each case) were
quantified and the results (calculated from
two separate experiments and shown with
error bars) are presented in (D).
that had more supercoils constrained during topoisom- rplJ promoter (i.e., the operon coding for the L10 and
L7/L12 proteins) also occurred in vitro when linear tem-erase treatment gave higher levels of transcription. We
interpret these results to mean that the ªstringentº RNA plates were used. However, transcriptional initiation at
the rplJ promoter is apparently still sensitive to the ac-polymerase±promoter interaction may be more depen-
dent on the topological status of the DNA than that of tion of ppGpp, and the formation and stability of the
open complex is inhibited by ppGpp in vitro (RaghavanRNA polymerase not affected by ppGpp.
et al., 1998). The level of the universal stress response
protein, UspA, was very much reduced in the ppGpp-Restored Gene Expression Levels in the Sgd Strain
deficient Sgd strain (JGJ301) and in the hns, stpA strainTo further analyze the gene expression pattern of the
(BSN29). This is in keeping with the recent finding thatSgd strain in comparison with the parental strains, we
uspA transcription is stimulated by ppGpp (Kvint et al.,performed 2D gel electrophoretic analyses of proteins
2000). Furthermore, we found that the expression of some(Figures 5A±5C). The expression pattern of many pro-
proteins was nearly restored to wild-type (BSN26) levelsteins is known to be affected by hns and stpA mutations
in the Sgd strain JGJ301 as compared with the parental(Zhang et al., 1996). Expression of the ribosomal proteins
strain BSN29 in which the expression was almost abol-S1, S6, and L7/L12 appeared higher in the Sgd strain
ished. With the help of the published 2D PAGE expres-(JGJ301) than in strains BSN26 and BSN29. The ribo-
sion map of Escherichia coli (VanBogelen et al., 1992),somal protein promoters seem to be less affected by
we could tentatively identify three of the five proteinsthe supercoiling status than the RNA promoters. Linn
and Greenblatt (1992) showed that expression from the (numbers two, three, and four corresponded to PhoE,
H-NS/StpA Stimulation of Stringent Promoters
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Figure 5. Global Regulatory Effects of the hns, stpA, and spoT(A404E) Mutations
(A±C) Analysis of protein expression by 2D PAGE. Autoradiograms from 2D PAGE separation of proteins in total cellular extracts from the
wild-type (BSN26) (A), the hns, stpA (BSN29) (B), and the suppressor strain (JGJ301) (C). Circles, boxes, and arrows mark spots corresponding
to proteins discussed in the text.
(D) Schematic summary showing the interrelationship between the different regulatory networks revealed in the present study (thick arrows)
and earlier works (thin arrows).
GrpE, and AraC, respectively) indicated by arrows in found a reduced expression of such genes in an hns,
stpA strain as compared with a wild-type strain (FigureFigures 5A±5C. It remains to be determined if expression
of these particular proteins is changed as a conse- 1; Table 2). Interestingly, the reduced expression of strin-
gent promoters in an hns, stpA strain was restored byquence of the altered CRP level and/or due to direct
effects by ppGpp. Evidently the effects on global ex- a spontaneously occurring suppressor mutation in the
spoT gene, resulting in a ppGpp0 strain (Figure 3C; Tablepression patterns observed with hns mutant E. coli must
be considered in the context of the direct link now re- 2). The data presented in this paper, combined with data
vealed between the ppGpp-dependent stringent control from other studies, suggest a possible model for the
and the CRP modulon system. mode of action of H-NS and StpA at ppGpp-sensitive
promoters. We assume that H-NS works to promote an
unusual DNA topology that specifically favors the use ofDiscussion
highly supercoiled DNA in transcription. This is different
from typical supercoil-restraining proteins but is consis-The present data show that the nucleoid-associated
tent with the behavior of some bending proteins. Theproteins H-NS and StpA positively control the expres-
superhelical density of plasmid DNA is altered in an hnssion of stringently regulated promoters. When examin-
mutant strain as compared to that in an hns1 strain,ing the expression of different stringently regulated
genes (e.g., crp, fis, and the stable RNA genes), we and the H-NS and StpA proteins are able to constrain
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negative supercoiling as evidenced by studies with su- on various carbon sources (Lazzarini et al., 1971). With
the one exception in the case of the relaxed strain grownpercoiled plasmids (Owen-Hughes et al., 1992; Tupper
et al., 1994; Zhang et al., 1996). This was also evident on glucose minimal medium, an otherwise isogenic pair
of stringent and relaxed strains of E. coli showed ain our assay with the crp and rrnBP1 plasmids (Figures
4A and 4B). Based on our findings, we suggest that such similar relationship between ppGpp and DNA/RNA. This
deviation has remained unexplained but might be dueeffects on supercoiling by H-NS/StpA would allow high
expression from stringently regulated promoters, pre- to the link shown in the present work.
The expression from the promoter P2crp was nega-viously described to be supercoiling dependent (Ohlsen
and Gralla, 1992a, 1992b; Figueroa-Bossi et al., 1998). tively controlled by ppGpp (Figures 3A and 3B), although
the response was less than that found in other strin-Consistent with this suggestion, the present work indi-
cates that the ability to form a functional transcriptional gently regulated promoters. The partial response may
be due to the lowered levels of Fis during the stringentinitiation complex at stringent promoters declines in
an hns, stpA strain. This could be explained by the in- response, since Fis has previously been shown to de-
crease the transcriptional initiation of the P2crp pro-creased sensitivity of the RNA polymerase to ppGpp
when the level of negative supercoiling is reduced (Ohl- moter (Ninnemann et al., 1992; Gonzalez-Gil et al., 1998).
Another result consistent with stringent regulation is thesen and Gralla, 1992a, 1992b; Figueroa-Bossi et al.,
observation that transcription from the P2crp promoter1998; Zhou and Jin, 1998). The removal of ppGpp in a
required supercoiled templates, whereas linearized tem-strain displaying reduced negative supercoiling would
plates only gave expression from the P1crp promotercause increased expression from stringent promoters
(Gonzalez-Gil et al., 1998). This finding is in line withsince the ability of the RNA polymerase to form a stable
previous reports demonstrating the requirement fortranscriptional initiation complex at such promoters in-
stringently regulated promoters of negative supercoil-creases in the absence of ppGpp (Ohlsen and Gralla,
ing, probably since the RNA polymerase can melt the1992a, 1992b). In the absence of H-NS and StpA, the
DNA helix more easily if stringent promoters are kept inbacteria appear to face a situation resembling that of a
a supercoiled conformation (Ohlsen and Gralla, 1992b;mild stringent response. However, the actual levels of
Figueroa-Bossi et al., 1998). Furthermore, the 210 toppGpp did not increase (Figure 2B). Instead, we suggest
11 region of the P2crp (59-GCCCCTTC-39) displays ex-that the levels of ppGpp normally present in E. coli exert
tensive similarity to the consensus sequence describeda stronger regulatory effect in strains displaying reduced
for ªdiscriminatorº sequences at stable RNA promotersnegative supercoiling. The results from in vitro transcrip-
(59-GCGCCNCC-39), again consistent with stringent reg-tion analysis using DNA templates with different to-
ulation of the promoter P2crp (Keener and Nomura,poisomer distributions provided additional support for
1996).this model. In the case of the ªstringentº RNA polymer-
The isolation of the spoT(A404E) mutant strain is aase, there was less transcription when the rrnBP1 DNA
novel finding of a single base pair substitution that dis-was in a less supercoiled state (Figures 4C and 4D).
rupts the function of the SpoT protein. This positionIn this work we also present evidence directly connect-
(amino acid 404) was not included in the mutationaling the stringent response with the catabolite repression
analysis performed by Gentry and Cashel (1996), but itsystem. The suppressor mutation spoT(A404E), which
lies close to the suggested C-terminal limit of the ppGppincreased the growth rate and colony size of E. coli with
synthesizing region. Further analyses of SpoTA404E mayhns, stpA mutations, gave a phenotype that was partially
reveal further functional properties of the SpoT protein.obtained also by overexpression of CRP (Table 1). In a
The sequencing of the Escherichia coli genome (Blattnerprevious study, we found that the level of CRP in an
et al., 1997) provided a very powerful tool to furtherhns, stpA strain was a limiting factor in the regulation
analyze the bacteria. For example, the study of gene arrayof lamB expression (Johansson et al., 1998), and in
systems has shown how seemingly simple changes inagreement with that, we here show that the level of CRP
growth conditions can markedly affect expression at theis reduced in an hns, a stpA, and in an hns, stpA strain
transcriptional level (Tao et al., 1999). We need to know(Figure 1). The level of CRP was elevated in the suppres-
more about how functional regulatory networks are con-sor strain isolated in this study (Table 2), and we show
nected in order to understand the physiology and regu-that this was due to an increased transcriptional initia-
lation of the cells at a more systemic level. The interplaytion from the crp promoters, in particular from P2crp
between different characterized modulons and regula-(Figures 3C and 3D). There appeared to be a modest
tory networks relevant to the present work (e.g., H-NS,quantitative disparity between the effects of the sup-
CRP ppGpp, Fis) is summarized schematically, and thepressor mutant on crp mRNA and the protein. While the
new regulatory links between the stringent response andsum of P1crp and P2crp in Figure 3 did not seem to
the catabolite repression system are shown in Figure 5D.fully account for the corresponding expression of CRP
The proteins H-NS and StpA are major components ofas monitored by immunoblot analysis (Table 2), we must
the bacterial nucleoid. Their influence on the topologyconsider the possibility that the two types of transcripts
of the chromosome is important for the physiology ofmight be translated with different efficiencies. Further-
the cell. The present findings suggest a mechanism bymore, when examining the global protein expression
which the nucleoproteins stimulate transcription by theirpattern from different strains, we found that expression
action on the stringently regulated promoters.of several proteins that was reduced in an hns, stpA
strain could be restored by the suppressor mutation in
Experimental ProceduresspoT. This suggests that the expression of these pro-
teins is directly or indirectly stringently regulated (Figure
Bacterial Strains
5). Our finding of a connection between the stringent Strains, plasmids, and phages are shown in Table 3.
control and the catabolite repression system might also
provide the answer to a seemingly enigmatic observa- Growth Media and Culture Conditions
tion made some time ago in measurements of the rela- The different strains were grown aerobically in Luria-Bertani (LB)
medium (Bertani, 1951) at 378C with vigorous shaking (220 rpm).tion between ppGpp and DNA/RNA ratios for cells grown
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Growth was monitored by measuring Klett units on a Klett Sum- RNA levels were determined by the orcinol method described by
Schneider (1945). Experiments were repeated twice with triplicatemerson colorimeter, where 50 Klett units approximately correspond
to A600 5 0.4. When determining the growth rate, samples were samples each time.
removed every 20 min and measured on a Beckman spectrophotom-
eter at A600. Where necessary, antibiotics were used with the follow- Primer Extension Analysis
ing concentrations: carbenicillin, 50 mg/ml; chloramphenicol, 12.5 Primer extension was performed essentially as described by GoÈ r-
mg/ml; kanamycin, 25 mg/ml or 50 mg/ml; rifampicin, 50 mg/ml or ansson et al. (1989). Twenty micrograms of total RNA was used in
100 mg/ml; and tetracycline, 7.5 mg/ml. Plates containing 40 mg/ml the reactions. The oligonucleotide used for primer extension analy-
of the chromogenic b-glucoside 5-bromo-chloro-3-indolyl b-D-glu- sis was primer CAP3 (59-CTGTCTCTGGATTGCCGAAATATG-39),
copyranoside (Sigma) were used to monitor the Bgl phenotype. and the extensions were separated on a 15% polyacrylamide urea
sequencing gel.
Isolation of Suppressed Growth Deficiency Sgd Variants
of hns, stpA Mutant E. coli
Determination of the ppGpp LevelPlating of strain BSN29 on TYS solid medium at 378C from the stock
Bacteria were grown in Rich-MOPS media (Neidhardt et al., 1977)cultures showed that colonies of somewhat larger size appeared.
containing a low level of phosphate (0.2 mM K2HPO4). At 25 KlettTo further characterize such large colonies, some were isolated and
units, 1 ml of the respective culture was incubated with 100 mCitested for a stable phenotype. The isolates all grew faster and
[32P]O4 (Amersham-Pharmacia) at 378C. When the rest of the culturesformed larger colonies than the parental hns, stpA mutant strain
reached 50 Klett, 100 ml of 11 M HCOOH was added to each labeled(BSN29) when plated on a rich TYS plate.
culture. The samples were frozen over night at 2208C. One hundred
twenty microliters was mixed with 20 ml of a solution containing 200SDS±PAGE and Immunoblot Analysis
mM sodium tungstate, 200 mM tetraethylammonium HCl, and 50For the determination of the CRP content in cells, samples were
mM procaine HCl. The mixtures were vortexed, centrifuged, andtaken at 50 Klett units from cultures that had been growing exponen-
subsequently the supernatants were added onto thin-layer chroma-tially for several generations. Samples were subjected to SDS±PAGE
tography plates (Polygram CEL 300 PEI, Mackerey-Nagel, DuÈ ren,(the polyacrylamide concentration was 12%) and thereafter blotted
Germany), essentially as described by Cashel (1969). An equalonto a 0.2 mm PVDF transfer membrane (Bio-Rad). Polyclonal rabbit
amount of labeled sample was applied on the plate, which wasserum raised against CRP was used as the primary antibody (a gift
incubated in a chromatography chamber containing 1.5 M KH2PO4from Dr. H. Aiba). The treatment of the membrane was as described
(pH 3.4) for about 2.5 hr.in Johansson et al. (1998), and the membrane was then scanned to
quantify results using the STORM system and ImageQuant program
(Molecular Dynamics). All data represent the average from at least Suppressor Mapping
two independent experiments, and error bars are shown in the plot- For suppressor mapping, we used the method described by Kleck-
ted graphs. ner et al. (1991). The isolated suppressor strain JGJ301 was trans-
duced with the phage vehicle lNK1324 containing a mini Tn10
transposon, and a pool of transductants was obtained by selectionDetermination of the Intracellular cAMP Level
for chloramphenicol resistance (Cmr). Bacteriophage P1 was grownDetermination of the intracellular cAMP level was performed using
on the pool and subsequently used to transduce BSN29. We se-the cAMP EIA system as described by the manufacturer (Amersham
lected for Cmr and screened for large colonies in order to obtain aPharmacia Biotech). All samples were analyzed twice. Average val-
derivative with the Cmr marker near the suppressor locus. One suchues of two independent experiments were calculated.
colony, named JGJ310, was restreaked and thereafter backcrossed
in order to determine the coupling grade. The coupling grade be-RNA Extraction and Northern Blot Analysis
tween the Cmr transposon and the suppressor mutation was z57%Total RNA was extracted from bacterial cultures at 50 Klett units,
in strain JGJ310. DNA from strain JGJ310 was isolated, digestedusing the hot phenol method (von Gabain et al., 1983). Twenty micro-
by HindIII, and then cloned into HindIII-digested pUC18 plasmid.grams of each RNA sample was loaded onto the gel. RNA blotting
Transformants were selected by chloramphenicol resistance. Byand hybridization were performed as described by Arnqvist et al.
sequencing outwards from the cat gene using primer Tn10CAT:(1992). The probes used for analyzing the expression of the crp and
59-GTAACGGCAAAAGCAC-39, we determined that the transposonthe fis mRNA were the following [g-32P]ATP kinase-labeled oligonu-
was situated in the mutM gene. A coupling grade of 57% corre-cleotides: crp (59-GGCAATGAGACAAGAACCATTCGAGAGTCGGG
sponds to a gene distance of about 14 kb. The spo operon is approxi-TCTGTTTGCGGTTTGCCAAGCACC-39); fis (59-CCGGCTCCCATCT
mately situated at that distance from mutM, and sequencing of theCGTAGCACAACGTCCGAAAAGGTCTGTCTGTAATGCCAGCC-39).
spoT gene revealed a base pair substitution (see Results).Washing of the membranes was performed in a Hybaid oven
according to the protocol from the manufacturer. Bands were visual-
ized and quantified using a PhosphorImager and the ImageQuant In Vitro Analysis of the Effect of H-NS on DNA Topology
program (Molecular Dynamics). Relative levels were calculated in Supercoiled DNA of plasmids pHA5, which contains the crp struc-
comparison with the wild type (arbitrarily set to 1.0). tural gene and promoter region (Aiba et al., 1982), and pRLG862,
which contains the 288 to 11 promoter region of rrnBP1 (Ross et
2D PAGE Analysis al., 1989, 1990) was extracted and purified by CsCl density gradient
Preparations of cell extracts and the 2D PAGE analysis were per- centrifugation from strains BSN29/pHA5 and CAG1574/pRLG862
formed by the method of O'Farrell (1975), with modifications (VanBo- grown to stationary phase in LB medium. Five micrograms of su-
gelen et al., 1992). We used the Investigator 2D Electrophoresis percoiled DNA was incubated with the indicated amount of H-NS
system and all reagents were used as described by the manufacturer at 378C for 20 min in a total volume of 100 ml topoisomerase buffer
(Millipore Corporation). Carrier ampholytes for the first dimension (50 mM Tris-HCl [pH 7.5], 50 mM KCl, 10 mM MgCl2, 0.5 mM DTT,
were in the pH range of 3±10. A 12.5% SDS±PAGE was used for 0.1 mM EDTA, 30 mg/ml bovine serum albumin). Calf thymus topo-
the second dimension. The amount of each extract loaded onto the isomerase (10 U) was then added and the incubation continued for
gels was adjusted after measuring the radioactivity that had been 1 hr at 378C. The DNA was deproteinized by extraction with phenol:
incorporated by each sample. chloroform: isoamylalcohol (25:24:1 v/v) and then precipitated with
70% ethanol in the presence of 0.3 M NaOAc. The DNA was resus-
pended in 25 ml distilled water. To separate the topoisomers, 5 mlStable RNA/Protein Measurement
Bacterial strains were grown to 50 Klett units in LB media and aliquots were electrophoresed on a 0.8% (pHA5) or a 1.0%
(pRLG1617) agarose gel for 16 hr at 5 v/cm in TAE buffer (40 mMincubated on ice overnight in 5% TCA. The cells were washed with
5% TCA and subsequently lysed by the addition of 1M NaOH during Tris-HCl [pH 8.3], 25 mM sodium acetate, 1 mM EDTA). The gels
were stained with ethidium bromide before being photographed15 min at 378C. Thereafter, the protein content of the cells was
analyzed using the Pierce BCA Protein Assay Kit, and the stable under UV light.
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In Vitro Transcription Analysis Gentry, D.R., and Cashel, M. (1996). Mutational analysis of the Esch-
erichia coli spoT gene identifies distinct but overlapping regionsThe wild-type and the ªstringentº mutant (rpoB3449) RNA polymer-
ases were purified as described before (Hager et al., 1990; Zhou involved in ppGpp synthesis and degradation. Mol. Microbiol. 19,
1373±1384.and Jin, 1998). The transcription mixture contained 1 mg of plasmid
rrnBP1 DNA exhibiting a particular supercoiling status as defined Gonzalez-Gil, G., Kahmann, R., and Muskhelishivili, G. (1998). Regu-
by the topoisomerase assay (see above), 30 nM of RNA polymerase, lation of crp transcription by oscillation between distinct nucleopro-
20 mM Tris-HCl (pH 8.0), 100 mM KCl, 10 mM MgCL2, and 1 mM tein complexes. EMBO J. 17, 2877±2885.
DTT, respectively. The incubations were performed at 238C for 15
GoÈ ransson, M., Forsman, P., Nilsson, P., and Uhlin, B.E. (1989).
min prior to the addition of NTPs (0.2 mM of ATP, GTP, and CTP
Upstream activating sequences that are shared by two divergently
and 0.02 mM of UTP including 5 mCi of [32P]UTP). After 15 min, the
transcribed operons mediate cAMP-CRP regulation of pilus-adhesin
reactions were stopped and analyzed on a 15% sequencing gel.
in Escherichia coli. Mol. Microbiol. 3, 1557±1565.
The transcripts were visualized and quantified using a STORM phos-
GoÈ ransson, M., SondeÂ n, B., Nilsson, P., Dagberg, B., Forsman, K.,phorimager equipment (Molecular Dynamics).
Emanuelsson, K., and Uhlin, B.E. (1990). Transcriptional silencing
and thermoregulation of gene expression in Escherichia coli. Nature
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